Pseudomonas aeruginosa is a ubiquitous environmental microorganism that is also a 14 common cause of nosocomial infections that vary in severity from chronic wound infections 15 to pneumonia, bloodstream infections and sepsis. Its ability to survive in many different 16 environments and persistently colonize human tissue is linked to its presence within biofilms 17 that form on indwelling device surfaces such as plastics and stainless steel. Biofilm promotes 18 bacterial adhesion and survival on surfaces, reduces susceptibility to desiccation, and the 19 actions of antibiotics and disinfectants. Recent genome sequencing studies demonstrate 20 that P. aeruginosa is a highly diverse species with a very large pan-genome consistent with 21 its adaptability to differing environments. However, most MDR infections are caused by a 22 small number of "high-risk" clones or lineages that recently emerged and spread globally.
Introduction

68
Pseudomonas aeruginosa is a mono-flagellate, Gram-negative bacterium that is present in 69 most environments. A frequent coloniser of humans, other animals and plants, it also is a 70 very common opportunistic pathogen able to grow at a variety of temperatures 1 . It is a 71 leading cause of severe, life-threatening nosocomial human infections and the major 72 pathogen associated with lung infections of patients with cystic fibrosis. It is has been 73 classified as one of the major species associated with multiple antimicrobial resistance of 74 urgent public health concern by the Infectious Diseases Society of America 2 , Centers for 75 Disease Control and Prevention and the World Health Organization.
77
A variety of typing methods including multilocus sequence typing (MLST) 3 and more 78 recently, genomic sequencing studies 4-7 have shown that P. aeruginosa has a non-clonal,
79
However, many of these surfaces have been shown to allow the formation of biofilms, for 114 example in hard-to-clean locations, and those with a favourable environment, such as sinks 115 and pipes 18 .
117
Both ST111 and ST235 isolates have been shown to produce significantly more biofilm 118 compared to those from non-high-risk clones 19 
136
In this study we examine the associations between aspects of the P. aeruginosa pan-137 genomes and their biofilm-producing activity at different temperatures or on stainless steel 138 and examine the genetic attributes associated with biofilm production in MDR clones ST111 
142
Bacterial isolates and genome sequences 143
This study analyzed two different sets of P. aeruginosa isolates. The first set, here-on-in 144 described as 'temperature-dependent biofilm analysis' contained 280 isolates (Supp Table   145 1), for which genomic data and antibiotic susceptibility phenotype has previously been 146 described 7,8 .
148
The second set, here-on-in described as 'stainless steel biofilm analysis' contained 260 P. 149 aeruginosa genomes (Supp Table 2 In order to carry out GWAS and pan-GWAS (below), categorization of biofilm production was 203 required. For temperature-dependent biofilm analysis, isolates were split into one of two 204 traits: either producing more biofilm at 37°C compared to growth at 22°C, or producing 205 more biofilm at 22°C compared to 37°C. For stainless steel biofilm analysis, a "good" biofilm 206 formation trait was considered to be exhibited in strains providing an OD reading >= 0.5540, 207 whilst poor biofilm formation was considered as an OD reading of < 0.5540.
209
Pan-genome-wide association analysis
210 Scoary is a software tool able to provide pan-genome associations (pan-GWAS) based on 211 user-defined traits using an input (gene presence / absence) file generated by Roary 31 .
212
Analysis was performed independently for temperature-dependent biofilm traits as for both 213 ST111 and ST235 genomes in the stainless steel biofilm analysis. Statistical significance of 214 the associations was tested by Scoary with a Fisher's exact test, and a pairwise comparisons 215 algorithm to control spurious associations from stratified populations. P values were 216 corrected for multiple comparisons using the Bonferroni adjustment. Where Scoary analysis 217 provided genes significantly (p<0.05) associated with the biofilm phenotype that had not 218 previously been annotated in PROKKA, and therefore considered hypothetical / putative, the 219 amino acid sequence was searched in BLASTP, and if no hit was found, assessed using the 220 sensitive protein homology detection, function and structure prediction tool HHPred (MPI 221 Bioinformatics Tool Kit) 32 . The top three predictions were considered for assumed protein 222 identity and function, assuming a match probability of at least 80%.
224
SNP genome-wide association study 225 We used PLINK v1.90b5.3 33 to explore SNP-based associations with user-defined traits.
226
Analysis was performed in PLINK to test case / control associations with Fisher's exact test, to growth at 37°C 37 . Scoary analysis also provided other genes with significance, although 252 with a Bonferonni p value of just above the 0.05 cut off (Table 1) 
294
The pan-genome of biofilm genes widely described in the literature ( Figure 5 ) has a different 295 core vs accessory structure in each of the clones, with the majority of genes (≈54%) in both 296 clones present in less than 15% of genomes. ST235 has a higher percentage of core genes 297 compared to ST111 (61.7% vs 31.34%), whilst ST111 has a larger cloud genome compared to 298 ST235 (40.3% vs 17.02%). This variation is down to a number of homologous genes in the 299 ST111 biofilm pan-genome e.g. pelA, pslA, pslB. The genes pilA and fimT were both identified 300 in the ST111 pan-genome, but not found in the ST235 pan-genome, whilst pslC was found in 301 ST235 but not in the ST111 pan-genome.
303
Scoary analysis provided 77 and 107 genes of interest for association with biofilm phenotype 304 in ST111 and ST235 respectively although none had a Bonferonni of p<0.05. Of these genes, 305 24 ST111 and 30 ST235 genes did not provide a homology match of over 80% using HHpred, 306 and would require further functional investigation to understand their potential association 307 with biofilm phenotype. The remaining genes were considered for predicted function that 308 might be obviously associated with biofilm formation (Table 3) . ST111 had six genes with 309 potential function associated with biofilm (7.8% of the ST111 Scoary output). Predicted 310 homology of two of these genes suggest association of the flagellum system, while one gene 311 shared 99.67% homology with motB, an essential gene of the P. aeruginosa flagellar motor.
312
Mutants containing defects in the mot gene complex have been shown to exhibit a reduced 313 or abolished motility 45 . Another gene shared 83.03% homology with qseC, a flagellum 314 regulator gene with demonstrated importance in biofilm production in gram negative 315 bacteria 46,47 . Two further genes suggest association with the type-IV pili system,. These two 316 genes share homology to a type-IV pili peptidoglycan endopeptidase (RipA -92.55%) and a 317 geopilin domain 1 protein (PilA -92.32%). Of the two remaining ST111 genes from the Scoary analysis, one gene provided 100% homology to a subtilisin-like serine protease, a 319 cellular mechanism which, if absent, has been shown to produce lower biofilm formation 320 and motility function in P. aeruginosa 48 . The last of the ST111 Scoary genes shares 90.64% to 321 BamC outer membrane protein, a lipoprotein likely involved in the outer-membrane 322 biogenesis 49 .
324
Of the ST235 Scoary analysis, five genes (4.7% of the ST235 Scoary output) had predicted 325 function that might be obviously associated with biofilm formation ( Table 3) 
